(1-bpp = 2,6-di[pyrazol-1-yl]pyridine; 3-bpp = 2,6-di[1H-pyrazol-3-yl] pyridine; Scheme 1), and their derivatives [1] [2] [3] , are both widely used in spin-crossover research [4] [5] [6] [7] . Their popularity reflects different and derivatives to be prepared. Substituents at the pyrazolyl C3 positions have a strong influence on the spin-state of the iron center, on steric and electronic grounds [8] . Conversely, substituents at the pyridyl C4 sites have no steric impact on the metal ion, which allows functional substituents to be appended to the bearing peripheral metal-binding domains [9] or conducting [10] , fluorescent [11] , photoswitchable [12] , radical [13] , redox active [10, 14] and surface tether substituents [15] have all been reported. None of the other commonly used spin-crossover centers affords this degree of variety in its synthetic chemistry.
<Insert Scheme 1 here>
The synthetic chemistry of 3-bpp is less well developed, although some 2 ] 2+ derivatives bearing substituents at the pyrazolyl N1 and C5 positions have recently been
reported [3, [16] [17] [18] [19] . Rather, the unique properties of can be recrystallised from water, which makes it easy to precipitate salts of that complex with different anions. Thus, more salts of 2 ]
2+
have been investigated for their spin-state properties than for any other cationic complex [1, 3] . Both these aspects may contribute to the high incidence of cooperative spin-crossover and novel structural chemistry in salts of which hydrolyses spontaneously in water. This question is addressed below.
Despite these advantages, both classes of complex also have a significant drawback for spincrossover research, which is that their high-spin complexes are prone to adopt an unusual angular structural distortion in the solid state [2, 3] . system [11, 12, [22] [23] [24] [25] [26] , while some examples of 
derivatives exhibiting the distortion have also been published [16, 27] . A DF calculation identified the Jahn-Teller effect as the origin of the distortion, and noted it is favored by a narrow intra-ligand bite angle [22] . That explains its prevalence in Since the Jahn-Teller distortion is only a property of the orbitally degenerate high-spin state, distorted complexes must rearrange to an undistorted low-spin structure if they are to undergo spin-crossover. If the distorted undistorted rearrangement is too large for a rigid solid lattice to accommodate, the compound remains trapped in its high-spin state at all temperatures [7] . This has led a number of complexes, that might otherwise be expected to be spin-crossover active, to lose their functionality in the solid state. A survey of [Fe(1-bpp) 2 ]
complexes five years ago concluded that high-spin compounds with  < 172°and/or  < 76°s
hould not exhibit spin-crossover on cooling [2] . A small number of outliers have been discovered since then, which are spin-crossover active despite having more distorted highspin structures (Fig. 2) [26] . Notably most of these are abrupt, hysteretic spin transitions which may reflect the distorted undistorted structure changes involved. Be that as it may, it is still the case that the great majority of Jahn- complexes using indices describing the disposition of the tridentate ligands in the molecule (Scheme 2) [2] . These parameters ( and) are relevant to the spin-state properties of the compounds, which are strongly affected by the shape of the complex molecules and their nearest neighbor interactions in the crystal lattice [7] . However we present here a new structural analysis of the distortion, and the structural changes that occur during spin-crossover, in terms of its effect on the metal ion coordination geometry. Since the coordination geometry is an important factor determining  complexes.
Introduction to Shape Measures
We have applied the Continuous Shape Measures methodology [28] [29] [30] using the SHAPE 2.1
program [31] to analyse stereochemical trends associated with spin-crossover transitions, and to address structural variations presented by compounds of this family in their high-spin or low-spin states [32] . A shape measure of a set of atoms, such as a metal ion and its first coordination sphere, is the size-weighted sum of the squares of the distances between each atom and the corresponding vertex of the relevant ideal polyhedron [29] . This sum is minimized with respect to translations, rotations and a change of scale of one set of points (e.g. the atomic coordinates), and with respect to all possible pairings of the two sets of coordinates. By definition, a zero value of a shape measure indicates a coordination sphere exactly coincident with the reference polyhedron, and non-zero values provide a quantitative calibration of how much that structure deviates from the reference polyhedron [29] . The symbols S(OC-6) and S(TPR-6) will designate the shape measures of the FeN 6 coordination sphere relative to the octahedron and the trigonal prism, respectively, in the following discussion.
This technique is often useful for analyzing a particular structure by calculating its shape measures relative to two different reference polyhedra, conveniently plotted in a "shape map" [33, 34] . This visualizes whether that structure lies along the minimal distortion path for the interconversion of the two polyhedra. For six-coordinate metal ions, the minimal distortion pathway between the octahedron and the trigonal prism is usually considered [34] , which corresponds to the Bailar trigonal twist [35] . A quantitative evaluation of how close (or how far) the structure is from the minimal distortion path is provided by the path deviation function, quoted as a percentage of the deviation relative to the total length of the path [33, 36] .
Analysis of Crystallographic Data
The following analysis concerns the coordination spheres of iron atoms in their low-spin and high-spin states, regardless of whether or not they undergo spin crossover; whether a low spin state has been trapped by fast cooling; or a high spin state has been induced at low temperature by irradiation (the LIESST effect [37] ). This includes examples of two crystallographically independent iron centers with different spin states in the same crystal.
Structures that are not in a pure spin-state at the temperature of measurement, and structures measured within a spin-crossover hysteresis loop, are disregarded in most of the discussion.
oriented triangles, respectively [38] .
An earlier analysis of the effect of spin-crossover on the coordination geometries of transition ions observed that the longer metal−ligand distances of the high spin state induce smaller bite angles of bidentate ligands, which in turn favors a Bailar twist distortion of the octahedron towards a trigonal bipyramidal geometry [32] . complexes, as is often observed (Fig. 2) . Notably, however, there is no apparent correlation of  or , which vary widely in the high-spin state, with the average Fe−N distance and clamp angle . This emphasizes that the Jahn-Teller distortion cannot be described purely in terms of the Bailar twist mechanism.
Since a number of geometrical parameters must be considered to compare the spin-states of The dependence of the octahedral shape measure on the Fe−N bond length and the clamp angle  are quite similar (Fig. 6 ). There is again a clear separation of the high-spin and lowspin complexes, although both spin states follow the same trends for Fe−N ≤ 2.15 Å and  ≥ 146º. However, at larger distances and smaller  values, more severe distortions of the coordination octahedron result, which are essentially independent of the Fe−N distance and show a strong dependence on . Our previous analysis on complexes with ill-defined coordination numbers [39] implies that the largest deviations from the octahedral geometry could be associated with incipient, additional coordination of donor atoms from counterions or neighboring molecules. Therefore, we surveyed all the high-spin structures for contacts from donor atoms (O, N, F, S, I or P) to iron that are up to 0.3 Å longer than the sum of Van der Waals radii (41 independent molecular structures of this type were found). All the molecules whose OC-6 shape measure is larger than expected, based on its Fe−N distances and  angle, are involved in such short additional Van der Waals contacts (Fig. 6 ).
<Insert Fig. 6 here> A shape analysis of the augmented FeN 6 X n coordination spheres in the above compounds
shows that most of them are approaching a monocapped or bicapped trigonal prism, for one (n = 1) or two (n = 2) short contacts respectively. There is a good correlation between the Fe…X contact distance and the shape measure of the iron augmented coordination sphere relative to a capped trigonal prism (Fig. 7) . Only five compounds deviate significantly from this trend. Two (isostructural) compounds show an expanded coordination polyhedron closer to a capped octahedron than a capped trigonal prism; in two others the iron atom seems to feel the stabilizing effect of the distortion at somewhat longer Fe…X distances, since the FeN 6 core is relatively close to the trigonal prism ideal; and the fifth one is better described as a snub disphenoid than a capped trigonal prism, which reflects the chelating nature of two contacting O atoms from a neighboring ligand nitro substituent. Inspection of the structures closest to the trigonal prism indicates that full conversion to that polyhedron would lead to the coordination topology shown in Fig. 8 , where each tridentate ligand occupies three vertices of a different square face of the prism. 
Summary
To conclude, the distorted coordination geometries observed in high-spin [Fe(bpp) 2 ] 2+ complexes are a combination of a typical Bailar twist towards a trigonal prismatic structure (Fig. 8 ) [34] ; and the double axial distortion enforced by the ligand bite angle, which becomes more severe at longer Fe−N bond distances ( in Scheme 3) [32] . When  ≥ 146º
there is a regular relationship between  and the distortion of the coordination geometry away from an ideal octahedron. When  is smaller, the coordination geometry deviates more strongly towards capped or bicapped trigonal prismatic, depending on the presence or absence of short intermolecular contacts to the iron center (Figs. 6 and 7) . The most strongly distorted structures all exhibit such intermolecular contacts, in face-capping positions relative to the inner coordination polyhedron, and their coordination geometry correlates strongly with the length of these contacts (Fig. 8) (Fig. 2) , the observation of a specific distortion in a particular compound is a reflection of its crystal packing. 
Solvent Dependence
The easiest way to probe this question was to determine the spin-crossover equilibrium of as a temperature-dependent probe for MRI measurements [52] .
Anion dependence
Following this study, we measured six different salts of salts is notably strong [55] .
<Insert Figure 10 here> 
Number of hydrogen bond donors
Susceptibility data for (Fig. 11 ) [38] .
The difference reflects a reduced H and S of spin-crossover for [Fe(1, low-spin at room temperature and below [38] .
<Insert Figure 11 and Table 1 
Enhancing the Hydrogen Bonding Capabilities of [Fe(3-bpp) 2 ] 2+
In the light of these encouraging results, we sought to modify (1-bpp derivatives with an unsymmetric distribution of pyrazole substituents are easier to obtain [58] ).
<Insert Scheme 4 here>
The most interesting compounds we have studied thus far, from the point of view of spincrossover, are the salts of the simplest ligand derivative [Fe(L salt is required to activate it towards spincrossover [59] . Since most of these transitions were monitored in situ by X-ray powder diffraction, the structural detail underlying this unprecedented phase behaviour is unclear at the time of writing. However, the structures of the precursor phases imply that disorder of the Y − anions between hydrogen bonding sites on different cations may occur in the annealed materials, and could play an important role in their structural complexity [59] . (a helical self-penetrating network derived from the (10,3)-a {srs} net) [63] . However in the solid state they are all either high-spin, or show very poorly defined spin-crossover on cooling [60] . ). It is also unique among the compounds in this article in being sensitive to aerobic oxidation [60] . That 
Conclusion
This report has described two different studies, which each advance our understanding of the complex salt correlates with the cooperativity of its spin-transition, as well as determining whether it undergoes spincrossover in the first place [2] . Hence, this new understanding of the distortion also has wider implications for the crystal engineering of new spin-transition materials [7] . Second, we have described recent work that addresses how hydrogen bonding to the NH groups in , and its hydrogen bonds will be stronger. [68] (which incorporates POVRAY [69] ), and graphs were prepared using SIGMAPLOT [70] , Crystal structure data for the shape measures analyses were down-loaded from the Cambridge Crystallographic Database [71] .
Supplementary data
Synthetic procedures, analytical characterization and crystallographic data for [Fe(1, , illustrating the Jahn-Teller distortion [22] [23] [24] . Only the BF 4 − salt is spin-crossover active. complexes that are: low-spin ( ); high-spin and spin-crossover active ( ); high-spin and spin-crossover inactive ( ). This is an updated version of the equivalent figure in ref. [2] . showing the distorted trigonal prismatic coordination sphere of the Fe atom and the oxygen atoms from two perchlorate anions that cap two rectangular faces (bottom). [53] . The white data points are from Goodwin et al.'s original publication, and were also measured in a D 2 O:(CD 3 ) 2 CO mixed solvent (Fig. 9) . showing the hydrogen bonding between the complex dication and the perchlorate anions and diethyl ether molecules (which are de-emphasised for clarity). The cations and anions are respectively eight-connected and four-connected nodes in a distorted flu network topology [60] .
